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We argue that the interpretation in terms of solar axions of the recent XENON1T excess is not
tenable when confronted with astrophysical observations of stellar evolution. We discuss the reasons
why the emission of a flux of solar axions sufficiently intense to explain the anomalous data would
radically alter the distribution of certain type of stars in the color-magnitude diagram in first place,
and would also clash with a certain number of other astrophysical observables. Quantitatively, the
significance of the discrepancy ranges from 3.3σ for the rate of period change of pulsating White
Dwarfs, up to 19σ for the R-parameter, which measures the ratio of Horizontal Branch over Red
Giant Branch stars in globular clusters.
I. INTRODUCTION
The XENON1T collaboration [1] has recently reported
an excess in low-energy electronic recoil data below
7 keV, rising towards low energies with a prominent peak
around 2-3 keV. The collaboration cautions that the ex-
cess could be explained by β decays from a trace amount
of tritium, representing an unaccounted source of back-
ground, but they also explore the possibility that the
signal is due to different types of new physics. The most
intriguing interpretation, which also provides the best
fit to the data, is given in terms of solar axions, which
is favoured over the background-only hypothesis at the
3.5σ level.
There are basically three production mechanisms that
contribute to the total solar axion flux: i) Atomic recom-
bination and deexcitation, Bremsstrahlung, and Comp-
ton (ABC) interactions [2] that are controlled by the
axion-electron coupling gae, ii) the Primakoff conver-
sion of photons to axions in the Sun [3] induced by an
axion-photon coupling gaγ , and iii) axion emission in
the M1 nuclear transition of 57Fe induced by the axion-
nucleon coupling gaN [4]. The last process produces
mono-energetic 14.4 keV axions, while for i) and ii) ax-
ions are produced with a wide spectrum peaking around
a few keV. The production mechanisms are independent
from the axion rest mass for masses below 100 eV. As far
as regards detection, electron recoils occur via the axio-
electric effect which is controlled by the axion-electron
coupling gae. Because of this, and because the location of
the prominent peak around 2-3 keV corresponds roughly
to the maximum of the energy spectrum of axions pro-
duced via the ABC processes, the Primakoff and 57Fe
components are both allowed to be absent as long as
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there is a nonzero ABC component. This selects gae as
by far the most crucial coupling to attempt to explain
the data in terms of the long-sought QCD axion [5–8].1
Taken at face value the strength of the XENON1T excess
requires gae >∼ 10−12, which would hint to an axion de-
cay constant fa ∼ 108 GeV, and in turn to a QCD axion
mass of about 0.06 eV. However, as we will discuss, astro-
physical considerations indicate that such a large value
for the axion-electron coupling is not tenable. While we
will eventually follow the usual approach of quantifying
the tension between the solar axion interpretation of the
XENON1T excess and a set of astrophysical observables
in terms of standard deviations, it should be kept in mind
that stellar evolution would be so drastically affected by
the exceedingly large energy losses due to axion emission,
that the remarkable agreement between stellar evolution
codes and the observed color-magnitude diagram (CMD)
for clusters of stars would be basically destroyed.
The strategy that we are going to follow consists in
assuming the axion couplings gae and gaγ to lie in the
90% C.L. regions indicated by the XENON1T fit to their
electron recoil data [1]. We will then estimate the effects
of axion-related energy losses on a set of astrophysical
observables that are particularly sensitive to gae and gaγ
induced processes. These observables are related to stars
in the Red Giants Branch (RGB) and Horizontal Branch
(HB), as well as to White Dwarfs (WDs). Given that
the axion coupling to nucleons cannot play any role in
explaining excesses of events occurring below 10 keV, we
will not include in our analysis astrophysical observables
sensitive to gaN (as for example the neutrino burst du-
ration of SN1987A).
1 Light axion-like particles, that do not solve the strong CP prob-
lem, and for which there is no theoretical relation between the
value of the mass and the strength of the couplings, are equally
suited for this explanation, but are theoretically less motivated.
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2II. AXION ASTROPHYSICS
In this Section, after introducing the notations for
the axion coupling by rewriting the axion effective La-
grangian, we briefly discuss the astrophysical observables
that have been used in the analysis. For a more detailed
account we refer the reader to the review [9] and to the
references therein.
A. Axion couplings
The axion interaction Lagrangian to photons and elec-
trons reads
Lint = 1
4
gaγaFµν F˜
µν − gaeaeiγ5e , (1)
where in the second term we have integrated by parts
and applied the equations of motion. The couplings are
often written as gaγ =
α
2pi
Caγ
fa
and gae = Cae
me
fa
, where
the model-dependent dimensionless coefficients Caγ and
Cae, are typically of O(1) in benchmark axion models,
although strong enhancements/suppressions are possible
in specific cases [9–13]. In the following, we will adopt the
notation gγ10 ≡ gaγ ×
(
1010 GeV
)
and ge13 ≡ gae × 1013
(ge12 ≡ gae × 1012).
B. Astrophysical observables
Astrophysical considerations have been systematically
used to place severe bounds on new physics, often ex-
ceeding the corresponding bounds from direct searches.
In particular, stellar evolution has shown an enormous
potential to probe the physics of light and weakly inter-
acting particles, such as neutrinos and axions [14]. Light
in this context refers to particles whose mass does not
exceed too much the temperature of stellar cores (a few
keV for most stars) so that they can be thermally pro-
duced. Being weakly interacting, they can easily escape,
thus providing an efficient energy loss mechanism.
In recent years, a series of anomalous astrophysical ob-
servations have led to speculations that new physics is at
play (see Ref. [9, 15, 16] for recent reviews). The axion
case has been especially compelling [17] since, to other
new physics candidates, it was shown to fit particularly
well all the astrophysical observations [18].
We describe below the set of observables that are com-
monly used to set bounds on the axion couplings to elec-
trons and photons, and on which we will focus our dis-
cussion.
1. Tip of RGB stars in globular cluster
We denote by MI,TRGB the luminosity of the tip of
the RGB stars in globular clusters. Red Giant stars are
characterized by a He core and a burning H shell. Dur-
ing the evolution in the RGB, the ashes from the burning
shell increase the He core mass, while the star luminosity
(determined by equilibrium at the surface of the degen-
erate He core between thermal pressure supporting the
non-degenerate envelope against gravity as determined
by the degenerate core mass) keeps growing. The pro-
cess continues until the core reaches the high tempera-
ture and density conditions (T ∼ 108 K, ρ = 106 g cm−3)
to ignite helium, an event known as the He-flash. At that
stage, the star has reached the RGB tip, the point where
its luminosity is maximal. Afterwards, the star shrinks
and moves to the HB, at a lower luminosity and higher
surface temperature. If an additional cooling mechanism
is at play in the core, the He ignition is delayed, allow-
ing the core to accrete a larger mass, and the star to
reach higher luminosities. Therefore, the identification
of the tip of the RGB allows to test the cooling efficiency
during the RGB evolution. The method is particularly
efficient in constraining the axion coupling to electrons,
since the electron bremsstrahlung emission of axions is
particularly efficient in a RGB core. The most recent
analyses [19–21] have derived similar constraints on the
axion-electron coupling. Here, we refer to the analysis of
the M5 cluster (NGC 5904) in Ref. [19], which provides
the most conservative bound. The reported magnitude
of the M5 cluster is
MI,TRGB = −4.17± 0.13 mag . (2)
In terms of the axion-electron coupling this observable
can be expressed as [19]
M theoI,TRGB =− 4.03 (3)
− 0.25
(√
g2e13 + 0.93− 0.96− 0.17g1.5e13
)
.
which results from an analytic fit to the results of the sim-
ulations for ten evolutionary track points reaching close
to the RGB tip, and corresponding to ten different val-
ues of the axion-electron coupling up to ge13 = 9 [19, 22].
The theoretical uncertainty associated to this expression
is σ =
√
0.0392 + (0.046 + 0.012ge13)2.
2. R-parameter
Helium ignition causes the RG core to expand, the core
density decreases by about two orders of magnitude and
the luminosity drops. The star migrates to the HB and
remains supported by He burning in a non-degenerate
core. The number of HB stars in globular clusters over
the number of stars in the upper portion of the RGB,
R = NHB/NRGB, is an important observable to track
stellar evolution since it directly measures the duration of
He burning in the HB phase with respect to the duration
of the RG phase. An analysis of 39 clusters in Ref. [23]
has provided the value:
R = 1.39± 0.03 . (4)
3As we have seen, the existence of axions coupled to elec-
trons would allow the degenerate He core to grow further
before He ignition, hence HB stars would unavoidably
inherit a more massive core. HB stars are supported
by thermal pressure that self regulates to contrast the
largest gravitational pull by increasing the He burning
rate, and thus decreasing the duration of the HB stage
before the star, once the fuel is exhausted, turns into a
WD. Although in HB stars axion cooling proceeds mainly
through the Primakoff effect ∝ g2aγ and Compton ∝ g2ae,
the indirect effect of gae in determining the He core mass
during the RG phase is even more important in short-
ening the duration of the HB phase, to the point that
ge13 ∼ 15 would be sufficient to depopulate almost com-
pletely the HB in the CMD of star clusters even for
gaγ ≈ 0. In any case, the effects of large gaγ on the
duration of the He burning phase are non-negligible, so
that an accurate determination of the R-parameter offers
a unique way to probe the axion coupling to both pho-
tons and electrons. The effect of decreasing the value of
R as gaγ , gae are increased is quantified by the following
analytical relation [18, 24]
Rtheo = 7.33Y − 0.095√21.86 + 21.08gγ10
+0.02− 1.61δMc − 0.005g2e13 , (5)
where
δMc = 0.024
(√
g2e13 + 1.23
2 − 1.23− 0.138 g1.5e13
)
, (6)
is the change in the He-core mass, and Y = 0.255±0.002
is the primordial He abundance.
3. White Dwarf luminosity function
The third observable we consider is the distribution of
WDs as a function of their luminosity. The WD lumi-
nosity function (WDLF) has been used for decades as a
tool to measure the cooling efficiency of WDs, since the
number distribution of WDs depends on how fast their
evolution is. Hence, observations of the WDLF allow to
place strong bounds new exotic cooling processes, includ-
ing axion emission (see Ref. [25] for an updated review).
WDs are compact objects whose hydrostatic equilibrium
is supported by electron degeneracy pressure rather than
nuclear burning. Axion emission would then contribute
to WD cooling dominantly through an axion coupling to
the electrons. Here, we will use the bound on the axion-
electric coupling derived in Ref. [26]:
gWDLFe13 ≤ 2.8 . (7)
4. Rate of period change of pulsating White Dwarfs
The last set of observables that we consider is the rate
of the period change for pulsating WDs, Π˙WDi . Pulsat-
ing WDs, also known as WD variables, are a class of
WDs whose luminosity varies periodically, with a period
Π from a few to several minutes, depending on the par-
ticular star. Because the oscillation period depends on
the luminosity, an observed secular change of the period
of variable WDs would track the rate of decrease of its
luminosity, and thus can serve as a measure of its cooling
speed. In fact, it can be shown that Π˙/Π is, with very
good approximation, directly proportional to the cool-
ing rate T˙ /T . Thus, an accurate measurement of the
period change allows to set bounds on possible sources
of extra cooling, including axion emission (see Ref. [27]
for a comprehensive review). In this work we consider
four different WDs, namely G117-B15A [28], R548 [29],
L19-2 [30] and PG1351+489 [31]:
Π˙G117−B15A = (4.2± 0.7)× 10−15s/s , (8)
Π˙R548 = (3.3± 1.1)× 10−15s/s , (9)
Π˙L19−2 = (3.0± 0.6)× 10−15s/s , (10)
Π˙PG1351+489 = (2.0± 0.9)× 10−13s/s . (11)
It is worth to mention that the rate of the period change
for L19-2 has been measured for two different modes,
both of which can therefore be included independently
in the analysis. Theoretically, the corresponding rate of
change in the WD pulsating period as a function of ge13
can be described by means of the following parametriza-
tion [17]:
Π˙theoWDi = ai + bi g
2
e13 , (12)
where ai and bi are correlated parameters specific for
each WD.
III. XENON1T VS. ASTROPHYSICS
In Fig. 1 we present contours of the axion energy-loss
rates per unit mass in a temperature vs. density plane, for
a pure He plasma. Contour iso-lines for energy loss due to
Compton (dashed blue) and Bremsstrahlung (solid red)
processes, which are controlled by gae, are also shown.
For reference, we have fixed the axion-electron coupling
to ge13 = 4.3, which corresponds to the RGB bound from
M5 [19]. Energy loss rates for different values of the cou-
plings can be obtained recalling that the rates scale as
g2ae. In the picture we show with labelled disks the po-
sition of the RGB tip and of a typical HB star (of mass
0.8M) and a range of WDs with luminosities varying
roughly from 5× 10−4 to 5× 10−1 L (dashed gray rect-
angle). The blue disk indicates the temperature and den-
sity of a typical WD variable [27].2 The location of the
Sun with respect to the density/temperature values is
marked with a yellow disk on top of the broken gray line
2 More precisely, it refers to a DA variable (DAV). The first three
variables Eqs. (8)-(10) belong to this class of WDs.
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FIG. 1. Contours of the axion energy-loss rates per unit mass,
in erg g−1s−1, for a pure He plasma. We highlight different
stellar systems as well as the two main processes involving the
axion coupling to electrons, fixed to gae = 4.3 × 10−12. See
text for details.
that indicates the location of Main Sequence (MS) stars
of different masses. Note that since MS stars, including
the Sun, are supported by a hydrogen burning core, their
position with respect to the energy loss iso-lines for the
He plasma is approximate, and slightly biased towards
large rates.
The picture shows clearly that the Sun is a relatively
faint axion emitter with respect to other stellar objects,
so that gae >∼ 10−12, required to account for the pro-
nounced XENON1T bump at 2-3 keV, would unavoid-
ably turn other stars into bright ‘axion lighthouses’. The
RGB would extend to higher luminosities than the ones
observed, and the decreased duration of the He burning
phase would depopulate the HB, to the point that for
some clusters with a relatively low number of stars the
observed value of R would quickly approach zero well
before the required values of gae are reached. In short,
regardless of other details, a value gae ∼ 3×10−12 would
destroy the agreement between stellar evolution models
and the observed color magnitude diagram. In the follow-
ing, we provide a more quantitative assessment of the im-
plications that attempts to explain the XENON1T data
in terms of solar axions would have in astrophysics.
A. Quantifying the tension
The XENON1T bounds on the axion couplings are ob-
tained as a three-dimensional confidence surface (90%
C.L.) in the space (gae, gaegaγ , gaeg
eff
an), that has a non-
simple shape. Here geffan describes an effective coupling
to nucleons [1]. In order to give quantitative information
on the correlations between the parameters, this volume
is therefore projected on the planes (gae, gaγ), (gae, g
eff
an)
and (gaegaγ , gaeg
eff
an), with these projections in the upper,
central and lower panel of Fig. 8 of Ref. [1], respectively.
The solar axion couplings to electrons and photons pro-
vide the relevant contribution for the 2-3 keV peak in
the XENON1T data. The limits on these couplings can
therefore be directly extracted from the projection of the
XENON1T bounds on the (gae, gaγ) plane. We report
such bounds in Fig. 2, where we also provide several ad-
ditional information coming from astrophysics.
In particular, we show the cooling hints on axion cou-
plings obtained by a global fit to the astrophysical ob-
servables described in Sect. II, together with the 2σ ex-
clusions separately obtained by each of these observables.
Note that the curve depicting the CAST helioscope [32]
limit in the (gae, gaγ) plane of Fig. 8 in the XENON1T
paper [1] was taken from Ref. [33]. We have updated
this bound using the most recent CAST limit presented
in Ref. [34] which, in the gae = 0 limit, corresponds to
gaγ < 0.66 (2.0) × 10−10 GeV−1 for a value of the axion
mass up to 20 meV (0.7 eV). We have added in Fig. 2 the
lines corresponding to these two limits, folding in the ef-
fect of a nonvanishing gae, which by increasing the flux of
axions produced in the Sun core has the effect of strength-
ening the limits. In the same figure we also include the
LUX bound [35], as well as a curve corresponding to lim-
its on solar axions from a global fit to solar data, which
includes the measured flux of 8B and 7Be neutrinos to-
gether with additional data inferred from helioseismology
observations [37]. This improves the constraint by about
a factor of two with respect to the bound from Ref. [36]
reported in the upper panel of Fig. 8 of the XENON1T
paper [1] and labeled as “solar ν”.3
As already pointed out in Ref. [1], the allowed region
for the couplings preferred by XENON1T lies several σ
away from the one obtained performing a stellar cool-
ing fit. In particular, the value of gae needed to repro-
duce the XENON1T excess is one order of magnitude
larger than the one suggested by astrophysical observa-
tions. Here, we want to quantitatively assess such dis-
crepancy. To this purpose, we first extract the allowed
ranges of gaγ and gae from the corresponding XENON1T
90% C.L. region, compatibly with the solar data bound
(cf. the blue area in Fig. 2). Theoretically, this region is
3 For values of the couplings allowed by astrophysics, the so-
lar axion luminosity represents a negligible perturbation of
the Sun. For example for Primakoff emission La ≈ 1.85 ×
10−3g2γ10L [36]. For larger couplings, the additional energy
drain will cause the core to contract, the core temperature would
increase and affect the flux of 8B neutrinos which is extremely
sensitive to small changes in temperature Φ8B ∼ T 18. However,
the Sun luminosity L would not change.
5FIG. 2. Stellar cooling hints (1 to 4σ from red to light red),
XENON1T 90% C.L. hint (blue region), CAST exclusion for
different upper limit for the value of the axion mass (green
lines), LUX exclusion limit (gray dashed line), 2σ astrophys-
ical exclusions (gray lines) and 3σ exclusion from solar neu-
trinos (gray dashed region).
well parametrized by the following relation [9]
g2e12(g
2
e12 + 2g
2
γ10) = g
4
e12 . (13)
Below the solar data bound, the XENON1T 90% C.L. re-
gion is well represented with ge12 ∈ [2.6, 3.7]. We can
therefore reproduce the desired region for the couplings
considering them as two free parameters (with gaγ lying
below the solar data limit), and requiring that they sat-
isfy Eq. (13) with ge12 ∈ [2.82, 3.48] at 1σ. Assuming
such a distribution for the couplings, we can therefore
obtain predictions for the astrophysical observables listed
in Sect. II, and confront these results, implied by a solar
axion interpretation of the XENON1T excess, with their
experimental values.
The results of such a procedure are reported in Table I,
together with the tension between the experimental value
and the prediction for each observable. As expected, such
a high value for the axion coupling to electrons implies a
huge discrepancy between predictions and observations:
in particular, the ones concerning WD cooling report a
∼ 3.4σ tension, while WDLF reaches a tension of ∼ 6σ.
Concerning the luminosity of the RGB tip, the present
theoretical model used to describe it and reported in
Eq. (3) relies on an analytic fit performed with values
of ge13 up to ∼ 9. We prefer not to rely on this expres-
sion to extrapolate a prediction for the RGB tip with
ge13 ∼ 30, but rather elect to report in Table I the result
that Eq. (3) implies for ge13 = 9, considering it as an
upper bound for the predicted value and corresponding
to a 5σ tension. A similar situation occours for the R-
parameter, for which we again report in Table I the result
Observable Exp. value Prediction Tension
R-parameter 1.39± 0.03 ≤ 0.83 19σ?
gWDLFe13 ≤ 2.8 29.7± 4.8 5.6σ
MM5I,TRGB [mag] −4.17± 0.13 ≤ −4.87 5σ?
Π˙
(113)
L19−2 3.0± 0.6 57± 16 3.4σ
Π˙
(192)
L19−2 3.0± 0.6 95± 27 3.4σ
Π˙PG1351+489 200± 90 19620± 5730 3.4σ
Π˙G117−B15A 4.2± 0.7 113± 33 3.3σ
Π˙R548 3.3± 1.1 87± 25 3.3σ
TABLE I. Predicted values for stellar observables based on
the axion couplings satisfying Eq. (13) with ge12 ∈ [2.82, 3.48]
at 1σ, inferred from the solar axion explanation of the
XENON1T excess. Π˙WDi are given in units of [10
−15s/s].
See text for the meaning of ? for the quoted tension in the
first and third row.
that Eq. (5) gives for ge13 = 9, interpreting it as an upper
bound for the predicted value and corresponding to a 19σ
tension. Note however that if Eq. (5) is extrapolated up
to ge13 ∼ 15, which could be a reasonable extrapolation
given its smooth behaviour, R gets down to 0 and we
would obtain a tension of 46σ. Due to this extrapolation
issue, the tensions in the first and third row of Table I
are quoted with a ?.
IV. CONCLUSIONS
The next phases of the XENON program [38],
XENONnT, will be able to differentiate the solar axion
signal from a tritium background at the 5σ level after
only few months of data [1]. Moreover, complementary
information to clarify the XENON1T anomaly will also
come from the experiments PandaX-4T [39] and LZ [40].
In this work, we have put on a firm ground the tension
of the solar axion interpretation of the XENON1T excess
with astrophysics, by quantitatively assessing the level of
the discrepancy in various stellar systems, ranging from
3.3σ for WDs up to 19σ for the R-parameter, as detailed
in Table I. Hence, we conclude that the solar axion ex-
planation of the XENON1T anomaly is excluded.
Other new physics explanations of the XENON1T ex-
cess based on solar production of light particles (such as
hidden photons/bosons) or on modifications of neutrino
properties (such as a neutrino magnetic moment) are also
prone to severe astrophysical constraints, and similar to
the case of solar axions, are also excluded. However,
other mechanisms involving scatterings of new particles
of non-solar origin off the XENON1T target electrons,
although less compelling than the QCD axion, might be
able to account for the data [41–45] in case it will be
eventually found that the tritium background is not re-
sponsible for the excess.
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